Carbon-bearing iron oxide pellets with the acid component of slag are rapidly heated and reduced in the temperature of 1 623 K. The change of slag composition during the reduction is measured by the quantitative point analysis of EPMA. Viscosity of synthesized slag with as same as composition formed in the pellet are measured. The oscillating-plate viscometer is useful to measure the viscosity of slag with high FeO content.
Introduction
Recently, carbon-bearing iron oxide agglomeration has been noticed as the raw material for the ironmaking process, such as the new processes of FASTMET, 1) ITmk3 2) and HiQIP 3, 4) and also the blast furnace process. In these new processes, the carbon-bearing iron oxide is rapidly reduced with fast heating rate at high temperature. The progress of rapid reduction on FASTMET process using pellet or briquette type material makes a slag with high FeO content. The slag containing high FeO is reacted by carbonaceous materials in the capsule with surface iron shell formed on the way of the reduction and poured out of the shell in some cases. On ITmk3 and HiQIP processes, the iron reduced by the solid or gaseous carbons at high temperature will be separated from slag in a short time. The properties of these slag, especially viscosity, is very important to control the ironmaking processes.
Therefore, the composition and viscosity of slags formed in the carbon-bearing iron oxide pellet during rapid reduction at high temperature have been studied to propose the data-base to engineers participating in the new ironmaking processes. Since it is supposed that the slag contains high FeO, the oscillating-plate viscometer 5, 6) has been used for the viscosity measurement in order to avoid the fluctuation of slag composition.
Experimental Procedure

Properties of Carbon-bearing Iron Oxide Pellet
Iron ores used for the carbon bearing iron oxide pellet are the fines of highly grade hematite ore from Australia and the magnetite ore fines from Peru. These chemical analysis and the Blaine index by JIS R5201-1987 are shown in Table 1 . The particle of hematite ore is finer than that of magnetite ore as shown in Fig. 1 clearly. Magnetite ore contains less slag volume and high MgO compared with hematite ore.
Coals agglomerated with iron ore are fines of the metallurgical coal from Australia and the anthracite from China. Figure 2 compares the particle distributions of metallurgical coal with the anthracite fines. Table 2 shows the proximate and ultimate analysis of coals.
The iron ore fines and the coal fines are mixed by the ratio shown in Table 3 . The mixtures of fines are arranged for two kinds of pellet containing with different coal to the same iron ore, totally four kinds of sample. The each mixture of about one kilogram is agglomerated in the test pelletizer with the inner diameter of 460 mm and the rotating speed of 25 rpm. The diameter of pellet is 16Ϯ1 mm. These pellets are used for the reduction test after drying in the air.
The green and dried 10 pellet particles sampled at random from the every kind are provided for the physical tests. The strength of green and dried pellet is estimated by the falling resistance method. This estimation index is the falling times to get to the destruction by the falling from 50 cm height onto the steel plate. Other physical properties are measured by methods of JIS 8719 on the volume of pellet, JIS 8716 on the apparent density and JIS 8718 on the crushing strength. Table 4 summarizes the physical properties of the carbon bearing iron oxide pellet. And the chemical analyses of them are shown in Table 5 . Magnetite type pellets have low crushing strength and high MgO content compared with hematite type.
Reduction
Experimental apparatus for the reduction is the horizontal electric furnace mounted a high alumina reaction tube with the inner diameter of 50 mm. The reduction progress is monitored by the analysis of CO and CO 2 in the waste gas. The completion of reduction is regarded as the time when CO content in the waste gas comes down to 2 %.
The reduction conditions are follows; Atmosphere : High purity N 2 gas Gas flow rate : 2.0 Nl/min Reaction temperature : 1 623 K In order to find the slag composition during reduction, the sample reduced for a given time is quenched into the water, buried in the resin and its structure has been observed under the microscope after cutting and polishing. Slag areas to analyze the composition are put on the marks under the microscope. After the deposition of carbon onto the observation surface, the composition of marked slag is measured by the quantitative point analysis of EPMA. Four typical compositions of slag with the different structures have been decided based on the mean composition analyzed on 6-15 different points in each sample.
Synthesis of Slag Containing FeO
Slag samples for the measurement of viscosity are syn- Table 1 . Chemical analysis and Blaine index of iron ore fines. Table 2 . Proximate and ultimate analysis of coals. Table 3 . Raw material arrangement of carbon bearing iron oxide pellet. Table 4 . Physical properties of carbon bearing iron oxide pellet. Table 5 . Chemical analysis of carbon bearing iron oxide pellet. thesized with the mixture of reagents equivalent to the composition from the EPMA analysis. The mixture of slag composition is melted in the iron crucible stirring during 2 h at 1 623 K under the inert gas atmosphere. After quenching the molten mixture into the water, solidified slag is dug out of the crucible and crushed. The crushed slag powder is melted again in the same conditions as before. This process is repeated three times in order to equilibrate FeO content of slag with the iron crucible. The dimension of iron crucible is 76 mm inner diameter, 130 mm depth, 6.6 mm wall thickness and 9 mm bottom thickness.
Measurement of Viscosity 2.4.1. Principle
Viscosity of slag has been measured by the oscillatingplate viscometer developed by T. Iida et al. 5) When the oscillating thin plate with constant driving force is immersed into a liquid, the amplitude of vibration of the plate diminishes depending upon the viscous resistance. The change of vibration amplitude gives the viscosity. It is well known that the product (rm) of the density and the viscosity of liquid is given as Eq. (1) (1) is made up of the rough approximate based on the many assumptions, the order 2 in the equation changes a little with the measurement conditions actually. 7) Then, looking for the instrumental constant K using liquid with given density and viscosity in advance, the measurement of E a and E should introduce the product (r · m) in Eq. (1). Viscosity should be calculated from the measurement of density. In this work, the value K has been found from the measurement using the JIS standard liquid for viscosity.
The characteristics of the oscillating-plate viscometer are as follows; ➀ For a quick method, the continuous measurement can be done in a little swing of temperature. ➁ A thin and small oscillating-plate brings about a wide space in the sample container to insert the thermocouple which gives a precise temperature directly. ➂ Viscosity can be measured in a wide range of temperature. ➃ It is difficult to control the atmosphere, completely. ➄ The measurement of precise viscosity needs to furnish the precise density. Figure 3 shows the experimental apparatus for viscosity measurement, that is, the schematic diagram of oscillatingplate viscometer. The apparatus consists of a vibration generator, an oscillating-plate, a laser displacement transducer, an electric furnace and a computer for the process control. The calculation equation of viscosity is introduced from the relation between K and E a /E ratio obtained from the measurement of three JIS standard liquids with different density and viscosity.
Experimental Apparatus and Procedure
On the measurement of slag viscosity, slag sample in the iron crucible is heated up to 1 623 K under Ar gas blowing. After confirming the constant temperature, viscosity is continuously measured descending the temperature with 2 K/min.
The dimension of crucible for the viscosity measurement is 48 mm outer diameter, 38 mm inner diameter, 100 mm height and 8 mm bottom thickness made of iron.
The most suitable size of oscillating-plate against the crucible size has been studied. The relations between rm and E a /E are discussed on the three different size of plate with 1 mm thickness made of iron, 10 mmϫ10 mm, 20 mmϫ20 mm and 30 mmϫ30 mm, as shown in Fig. 4 . The larger plate area indicates the linear relation in the wide range from low viscosity to high viscosity. The relation of 10 mmϫ10 mm plate slips out of the linear and make suppose the change of the instrument constant K in the low viscosity range, that is, Ϫ4-Ϫ5 of log(E a /EϪ1).
Moreover the distance between the crucible wall and the plate needs to be larger than the one wave-length of the wave brought about in the liquid by the plate vibration.
7)
The wave-length l brought about in the molten slag by the vibration of the oscillating plate is given by the following Eq. (2) Applying the sympathetic frequency of 16.9 Hz at the viscosity measurement, the density 8) of 2.6ϫ10 Ϫ3 kg/m 3 and the viscosity 8) of 20 kg/m/s of 20%Al 2 O 3 +40%CaO+ 40%SiO 2 slag at 1 673 K, the wave-length l is calculated to be 7.6 mm from Eq. (2). The 30 mmϫ30 mm plate is too large to the crucible because the distance between the crucible wall and the plate is only 4 mm on one side.
From these discussions, the plate size of 20 mmϫ 20 mmϫ1 mm is decided to be suitable for this viscosity measurement.
Results and Discussion
Slag Composition Formed during Reduction
Slag formation in the carbon-bearing iron oxide pellet progresses vitally within 2-3 min after the heating start and the reduction completes in about 7 min.
Reduced pellet is quenched at the different time on the way of the reduction reaction. After cutting and polishing, the structure of semi-reduced pellet is observed under the microscope and the compositions of slag parts are analyzed by the quantitative point analysis of EPMA.
Hematite pellet after 2.0 min reduction had all sort of slag containing various Al 2 O 3 and low content of MgO. On the magnetite pellet after 2.3 min reduction, it was clearly found that the content of FeO, Al 2 O 3 and MgO was different at the observed points. Especially, the content of FeO and MgO showed the opposite behavior from each other.
Based on the chemical compositions of slag appeared during the reduction, four sort of slag with different compositions are synthesized from the chemical agents. On the syntheses of slag, sulfur is disregarded because that the sulfur compound has not known clearly in the slag even though the point analysis of EPMA indicated a small content of SO 3 . Since the iron crucible has been slightly eroded after 3 times repeat of melting to crushing, it is considered that the slag composition equilibrates almost to the iron crucible. The chemical compositions of synthesized slag are shown in Table 6 .
Viscosity of Synthesized Slag
Viscosities of synthesized slag are measured with descending the temperature from the maximum temperature of 1 623 K. Table 7 compares the original chemical compositions with that after the viscosity measurement. Slag ➀ with high MgO content could not measure the viscosity as high viscous as not to immerse the oscillating-plate although the slag melted. FeO content of every slag increased 5 to 10 % on the beginning of measurement at 1 623 K comparing with the synthesized slag. Otherwise, the change of composition is very small during the viscosity measurement in spit of the stir of molten slag with the vibration of oscillating-plate as shown in Slag ➂. Table 8 show the effect of temperature on the viscosity of Slag ➁-➃. As the measured data are the product (r · m), these viscosities are calculated using the density estimated from following Turkdogan's equation 9) on the chemical composition of Slag ➁-➃. Table 6 . Chemical compositions of synthesized slag based on the compositions appeared during the reduction of pellet. Fig. 6 ). 10) This position of three components will be substantially discrete by the effect of many other components and contacts to the Hercynite plane at 1 623 K.
Figure 5 and
With descending the temperature from 1 623 K, the compound FeO · Al 2 O 3 (Hercynite) crystallizes out into the liquid of Slag ➁ and ➂ as to the suspension, in which increase of the solid volume makes the suspension viscous. Iida and Tanaka reported the viscosity increases by several times when the volume fraction of solid in the suspension comes to 0.2-0.3.
11)
Farther descending the temperature, the liquid continues to change the composition and gets close to the eutectic composition of Fayalite-Hercynite-Wustite system. When the temperature comes to the eutectic temperature at about 1 450 K, the liquid, that is, the suspension of Slag ➁ and ➂ transforms suddenly solid.
Therefore, the viscosity change of Slag ➁ and ➂ is con- 
Conclusion
Carbon-bearing iron oxide pellets with the acid component of slag are rapidly heated and reduced in the temperature of 1 623 K. The change of slag composition during re- (2) On carbon-bearing magnetite pellet, it is clearly found that the content of FeO, Al 2 O 3 and MgO is largely different at the observed points. Especially, the content of FeO and MgO shows the opposite behavior from each other.
(3) Every slag except for high MgO content has well fluidity at the temperature of over about 1 450 K.
(4) The oscillating-plate viscometer is reliable to measure the viscosity of slag with high FeO content and of the suspension.
